This paper concerns the design and the implementation of a fully integrated front-end intended to Near-Infrared Spectroscopy System (NIRS) acquisition system. A low-noise transimpedance amplification (TIA) circuit followed by adjustable cut-off frequency and a low-pass filter (LPF) was implemented in order to decrease noise circuit of NIRS detectors. For TIA, a single ended common source, common gate input stage based on a cascode structure is used to get a higher gain-bandwidth closed-loop transimpedance amplifier. To enhance the circuit noise performance, a single feedback transistor technique is used, compared to passive feedback, to achieved high quality data from NIRS acquisition channel. The proposed LPF combines two control methods to adjust the low cut-off frequency. Simulation results show a TIA gain of 104.2 dBΩ, −3dB bandwidth of 19 MHz and an equivalent input noise current spectral density of 446 fA/√Hz. LPF filter exhibits a relatively constant noise 201nV/√Hz from 0 Hz to 700 KHz and linearity performance over its entire tuning range. The proposed front-end of NIRS preamplifier is implemented using 0.18 µm CMOS technology.
Introduction
NIRS is a new medical device that can be used for monitoring and in several neurological diseases in the human brain. It is considered in many hospitals for brain functional imaging. Among the most used methods in the clinical setting is functional magnetic resonance imaging (fMRI) and positron emission tomography (PET) [1] [2]. Meanwhile, NIRS is increasingly recognized by clinicians and its use has enabled functional studies of most areas of the brain [3] - [6] . These studies focused on research for the prevention, assessment and treatment of strokes, observation of newborn and adult brains state, rehabilitation of the brain after strokes and it has been applied to study certain psychiatric disorders. NIRS works primarily by sensing the oxygen variation in the blood through the absorption of red and near-infrared light [7] [8] . In NIRS, a light with a wavelength ranging from 630 to 1000 nm is applied to the head and passed through the brain. The detected light is directly proportional to the amount of oxygen available, especially in regard to the density of the oxy-deoxyhemoglobin. However, the oxygen in the brain corresponds to the amount of blood. As the oxy-deoxyhemoglobin plays a role in the absorption and diffusion of light in the near infrared spectrum, the corresponding wavelengths can be determined. To process the light signal, a highly sensitive receiver is required. Avalanche photodiodes (APD) can be an excellent light detector for low-level light detection in the visible and near-infrared regions. Thus, the APD fabricated are expensive and need high-voltage operation. These latter can be solved by using a standard CMOS process which is cheap and more efficient. By using CMOS technology, we can have the APD, TIA and LPF circuitries all on the same chip as an integrated system [9] . An APD is connected to the input of the optical receiver in reverse-biasing. It is used to sense the optical signal i.e. the light reflected from the cortex and to convert it to an electrical signal [10] - [12] . It absorbs incident radiation and generates an input current to the receiver. Usually, the NIRS acquisition channel contains an avalanche photodiode connected to the input of a preamplifier called a transimpedance. It plays a critical role in determining the numerous receiver aspects in term of performances and sensitivity. The NIRS system consists of near light sources, photo detectors, an amplifier followed by a filter in data acquisition system and a process unit (see Figure 1) . In this paper, we present the transimpedance amplifier (TIA) followed by a low-pass filter, which are forming the front-end of the data acquisition system of a typical NIRS receiver. Moreover, the receiver sensitivity depends on input capacitor and built in preamplifier [13] . The four preamplifier topologies used in the optical receiver are the low-resistor terminal, the high impedance, the transimpedance, and the distributed amplifiers [14] . The trans-impedance amplifier is commonly used in optical receivers due to its ability to provide high transimpedance gain, wide bandwidth, low-input referred noise and low input impedance. The conventional designed circuits are common source, common drain or common gate followed by a source follower stage with large resistor feedback from the output to the input [15] . The parasitic capacitor of the photodiode directly affects the bandwidth and the input noise of the circuit. To minimize the effectiveness of the parasitic capacity at the receiver input several CMOS circuit techniques have been proposed, including the regulated cascode topology configuration [16] [17] . The drawbacks of these topologies are mainly in the input noise and the TIA gain performance. In order to enhance NIRS acquisition channel performance we proposed a TIA structure that uses a feedback transistor and a tunable low-pass filter. TIA is used to decrease the equivalent current input noise and increase dynamic range with circuit stability preservation. Additionally, the most used types of analog filters use two tunable active components, MOSFET-C and transconductance-C filters (Gm-C) [18] [19] . Recently, continuous time filter design, Gm-C, has been investigated in more details because of its continuous time signal processing and its lack of need for an anti-aliasing filter. Moreover, Gm-C filter design can integrate all of its building blocks into a single integrated circuit. The standard acquisition system like NIRS acquisition channel concerns the TIA, LPF and Analog to Digital Convertor (ADC) as shown in Figure 1 . In our study, we focused on the TIA and LPF as two interesting electronic components for decrease the noise in preamplifier stage.
The remainder of this paper is organized as follows: Section 2 presents the proposed TIA circuit including the transistor feedback as well as the calculation of the small signal of noise analysis for TIA, followed by the described of the proposed low-pass filter. Layout and simulation results are reported in Section 3. Finally, the conclusion is given in Section 4.
Materials and Methods
Integrated analog components within acquisition system play the initial role of the NIRS signal quality. TIA, LPF and analog to digital convertor (ADC) are the components of NIRS acquisition system. TIA is a one from the front-end part of the data acquisition system and its circuit in closed-loop as show in Figure 2 (a) can be stated as follows: When the photodiode is connected to the input of the TIA, the current of the photodiode is split between the amplifier and the photodiode capacitor. The trans-impedance is expressed according to
where d C is the photodiode capacitor. Integrated circuit of the transimpedance amplifier is presented in Figure 2(b) . This latter concerns current mirror by two transistors (M 7 and M 8 ) to achieved low-input impedance at virtual ground (common mode voltage). It can effectively isolate the circuit from the parasitic capacitor of the photodiode to strongly reduce its effect on the bandwidth of the circuit. Miller capacitor compensation 1 C is connected between the input and the output of the input stage for achieved the stability in a closed-loop. It has a very high gain stage, which is composed of a cascode common source and common gate amplifier. Input transistor size is chosen such that its gate and Miller capacitors make a good trade-off between wide bandwidth and best phase margin compensation. The dominant pole of the circuit depends on the gate and drain capacitors of the input transistor and the feedback PMOS transistor used to replace the standard feedback resistor f R of the TIA. This pole allows isolation of the photodiode parasitic capacitance depending on the cutoff −3dB frequency. The latter can be expressed according to 
where W L is the PMOS transistor size ratio, ox C is the gate oxide capacitance, µ is the electron mobility, gs V is the gate-source voltage and th V is the transistor threshold voltage. In order to reduce the current input noise of the circuit, a small size of feedback transistor is chosen, it is inversely proportional to the static resistor and it can be expressed as following equation:
Non-dominant pole of the circuit represented by the transistor drain and gate capacitors of the common gate amplifier. Consequently, this transistor size is selected to increase the total gain of the circuit and the frequency of the non-dominant pole in order to reduce signal dephasing and stability in closed-loops. The second branch of the input stage is designed to increase the inducing current for getting a high open-loop gain. Second stage is a source follower used as a level up shifter. It maintains a closed common mode DC voltage level at the output and input of the circuit in order to sustain DC stability in the closed-loop system. Finally, the capacitor and resistor load connected at the output of the circuit are used as a load and to compensate the phase margin of the circuit. Notice that the TIA can be computed according to
where G is the total voltage gain of trans-impedance. A transistor feedback system is proposed to highly reduce the input current referred noise of the circuit. It is based on a simple transistor used to replace the feedback resistor. Figure 2(a) shows the trans-impedance design with a feedback transistor where its feedback resistor value is based on the Rds feedback drain-source of transistor M1. Due to its large value [20] , Equation (6) can confirm the reduction of the input current referred noise of the circuit. Based on a small signal model of a simple feedback transistor, the calculated feedback resistors ds R value can be expressed as following equation:
where g ds is the trans-conductance of transistor M1. The linear relationship between the voltages of the transistor and the drain current are simplified as follows:
The resistor ds R is inversely proportional of gs V , and its resistor is controlled by the gate-source voltage, here it is controlled by Figure 3 shows the small signal model of the proposed TIA [20] . The current input noise can be computed by the following equations: 
The current input noise of transistor M 6 can be presented as follows:
The total input referred noise is simplified as shown in Equation (12).
( )
where k T ⋅ is the Boltzman constant, ω is closed-loop −3dB frequency, m g is the transconductance, µ is the mobility of the input transistor 6 M , f R in small signal noise analysis represents ds R resistor for transistor 1 
M .
A minimum transistor size is chosen in order to get high ds R value. However, the total input referred noise of the circuit with the simple transistor feedback is the sum of the source noise of the circuit including the feedback resistor ds R (Current Input Noise 1 I ) and the input transistor ( ) ( )
M I D f , and it can be computed by the small signal model [20] as shown in Figure 3 . Figure 4 (a) shows the conceptual schema of the operational amplifier (Opamp), the latter is a trans-conductance ( ) m G , and is followed by a tunable resistor R and capacitor C . The transfer function of this schema can be described according to
where R is a variable resistor and C is a variable capacitor. From Equation (14), we can express the cut-off frequency as presented in Equation (15).
We can determine the cut-off frequency by resistor and capacitor controlling as shown in Equation (15) . 
Experimental Results
Circuits of the trans-impedance amplifier and low-pass filter are implemented in CMOS 0.18 µm. The simulation was done with Spectre using Cadence platform. Figure 5 illustrates the layout of both transimpedance and the low-pass filter. Simulation results of the layout are shown in Figure 6 which demonstrate a very good noise performance of the transimpedance amplifier when using the feedback of a PMOS transistor. The simulated value is 446 fA/√Hz @ 1 MHz. Consequently, this noise performance can improve signal-to-noise ratio of the NIRS acquisition channel. The simulated TIA gain and −3 dB bandwidth using feedback transistor was 101.2 dBΩ and 19 MHz respectively. This circuit has a power consumption of 940 µW. Figure 7 illustrates the simulated Bode transfer function of the TIA feedback transistor. Due to the large feedback drain-source resistors value, the circuit behaves like an open-loop and as shown in Figure 7 the simulated gain and phase margin values are 104.2 dBΩ and −71.58˚ respectively. Table 1 shows the performance and trade-offs of the proposed TIA topology with feedback transistor, and conventional topologies. The simulated input equivalent current spectral density and closed loop gain are 500fA/√Hz @ 10 kHz -100 MHz and 101.2 dBΩ respectively. The latter exhibits high performance feature compared to the conventional topologies values as shown in Table 1 . In addition, the proposed topology has the ability to operate up to 10 GHz. The simulated results of LPF showed high performance in tunable cut-off frequency f c from 0 Hz to 100 MHz while exhibiting a constant power consumption of 212 µW. The proposed CMOS filter uses PMOS transistors in sub-threshold regime for implementing widely adjustable resistors and four identical transistors widely controlling capacitor values. The ultra-high resistivity of the resistor makes them suitable for implementing very-low frequency and compactfilters. constraints in order to get minimum noise and thus receive accurate medical diagnoses based on: miniaturized NIRS device, reduced power consumption, and minimized electronic component noise. Note that the miniaturization of NIRS device used a low power consumption which provides weak amplitude of NIRS signals however de noising signal can be help to obtain quality NIRS signals [25] - [27] .
Conclusion
In this paper, a low-noise front-end dedicated to near infrared spectroscopy applications has been implemented. A topology of transimpedance amplifier is presented, based on a bias input circuit with low-input impedance, which is connected to input stages to isolate the bandwidth dependency from the photodiode parasitic effect.
Higher closed-and open-loop gains were obtained by using a common source and common gate topology enhanced by a second active branch. To improve noise performance, we used a feedback transistor in order to en- hance the input noise performance. We presented a low-pass filter as a wide tunable cut-off frequency to match with input frequency signals from a photodiode. Layout simulation results showed that the TIA exhibit a lowinput referred noise, a high open-and closed-loop transimpedance gain and low-power consumption compared to conventional topologies. As well as, the LPF showed a low-input voltage noise, wide tunable cut-off frequency and low-power consumption. Our TIA and LPF circuit can be implemented for most portable biomedical devices like EEG and ECG. The electronic analog circuits of TIA and LPF are relatively simple and can be easly connected with ADC to obtain NIRS signal.
